In order to determine the effect of triple junction on the crack initiation, we use the finite element method to investigate the effect of misorientation between Cu grains on the stress concentration near the triple junction in comparison to that near a free edge. The results reveal that the triple junction represents a greater danger for crack initiation than the free edge in nano-components over a wide range of grain combinations. The stress concentration near the triple junction is governed by the difference in stiffness between the grains. Thus, the combination of the stiffest and softest grains induces the highest stress concentration.
Introduction
Nano-/micro-electromechanical systems and electronic devices, which are constructed of many dissimilar components, contain large numbers of bi-material interfaces. The free edge of an interface, where the interface meets the free surface, is a preferential site for stress concentration (free edge effect) and crack initiation. A junction, where an interface meets a grain boundary (or other interface), is another probable stress concentration site. Several studies have investigated the interfacial crack at the free edge of interface between thin films (Kinbara, et al., 1998; Kishimoto, et al., 2012; Kitamura, et al., 2002 Kitamura, et al., ,2007 Omiya, et al., 2013; Shibutani, et al., 2003; Takahashi, et al., 2001; Xu, et al., 1999; Weidong and Suresh, 2003) , and between nano-components Sumigawa, et al., 2010 Sumigawa, et al., , 2011 Yan, et al., 2012) , while only one experimental study (Sumigawa, et al., 2013) has focused on the crack at the triple junction, whose detailed crystallographic orientation was provided. Sumigawa et al. (2013) developed a novel testing method using a nano-scale cantilever specimen to examine the crack initiation at Cu(bi-crystal)/Si interface by means of a minute mechanical loading apparatus built in a TEM. Figure  1 (a) illustrates the experimental area and the remote applied stress state. Figure 1(b) illustrates the crack features at points (i) to (iii) in Fig. 1(c) obtained by in situ TEM. Although the interfacial crack was anticipated to initiate at the upper free edge of the Cu/Si interface, the Cu/Si interface was bent abruptly at the triple junction between the grain boundary and the Cu/Si interface at (iii). Careful observation revealed that an interfacial crack was initiated at the triple junction. This suggests that the triple junction often has a higher stress concentration than the free edge.
In the present study, in order to determine the influence of triple junction on the crack initiation, we investigate the effect of misorientation between Cu grains on stress concentration near the triple junction as compared to near the free edge.
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Analytical procedure
The stress distribution along the Cu/Si interface is numerically analyzed by the finite element method (FEM) using a commercial code ABAQUS 6.5-6. Figure 2 shows FEM model in which the Cu film consists of two grains and two free edges (top and bottom). Hereinafter, the upper and the lower grains will be referred to as "Grain A" and "Grain B", respectively. Perfect constraint conditions are imposed to the grain boundary and dissimilar interfaces. The model is constrained at the back of Si layer, and a uniform tensile displacement along x-direction, Δu, is applied in the SiN layer. The regions near the dissimilar interfaces and the grain boundary, where stress concentration is expected, are carefully meshed into fine elements. The model is meshed with 1295047 nodes and 511501 elements, which include 204672 elements of 3D 20-node quadratic isoparametric element and 306829 elements of 10-node quadratic tetrahedral element.
Figures 3d-g illustrate the crystallographic orientations of the Cu film used. In the present models, the crystal orientation of one grain is fixed at an assigned orientation, while that of the other grain is rotated. For reference, models with a single-crystal Cu film (see Fig. 3a , 3b and 3c) are analyzed in addition to those with a bi-crystal Cu film. Table 1 lists the crystallographic orientations of the Cu film in the global coordinate system (x, y, z) and the computation conditions.
The elastic constants of Si and Cu single crystals are C11(Si)=167.4 GPa, C12(Si)= 65.23 GPa, C44(Si)= 79.57 GPa (McSkimin, et al., 1951) (Iida, et al., 2000) , υ12(Cu)=υ23(Cu)=υ31(Cu)=0.31. The SiN layer, which is amorphous, is treated as an isotropic body, and Young's modulus and Poisson's ratio are 197 GPa and 0.27, respectively (Sumigawa, et al., 2010) . 3. Results and discussion 3.1 Cu single crystal film Figure 4 represents the distributions of normalized normal stress, σ ̅ , at z = 0.5w (w is the plate width shown in Fig.  2 ) along the Cu/Si interface in single-crystal Cu models S-I, S-II and S-III. The stress is normalized by a reference stress, σ , , which is σ at an element far from the interface in the Cu film in each model, as indicated by an × in Fig. 2 . While S-I and S-II have almost flat stress distributions, S-III shows stress concentration in the vicinity of the free edge. The stress near the interface edge can be expressed by (Bogy, 1968 (Bogy, , 1971 )
where Kij is the stress intensity factor, r is distance from the interface edge, and λ is the stress singularity order. The elastic stress singularity order in the S-III is 0.028.
Cu bi-crystal film
In the Bi-I model, Grain B is rotated around the x-axis relative to the fixed Grain A. The misorientation between the two grains shown in Fig. 3d creates a tilt boundary with the tilt axis along the tensile direction (x-axis). Because of the symmetry of the Cu crystal, the tilt angles considered, , are in the range of ( Figures 6a and b show typical distributions of normal stress σ ̅ along the Cu/Si interface at z = 0.5w in the Bi-II and Bi-III models. The stress is discontinuous at the triple junction (Cu grain boundary). In the Bi-II models (Fig. 6a) , the stress increases at both sides of grain boundary as = 10 , 30 , but only at the Grain B side as = 45 . On the other hand, the Bi-III model (Fig. 6b) exhibits stress increases only in Grain B at the triple junction, and a singular field appears at the free edge as well. Figures 6a and b clearly show that the stress concentration at the junction is higher than that at the free edge. Figure 7 represents the typical distributions of normal stress σ ̅ at z = 0.5w along the Cu/Si interface in the Bi-IV model. The singular stress appears near the bottom free edge at small , and near both of the free edges at large . The concentrated stress at the triple junction is sensitive to the grain rotation. While Fig. 7 shows that the concentrated stress near the triple junction is much higher than that near the free edge in = 0 and 10 o , it becomes unclear as increases. In order to evaluate the potential site of crack initiation, we define representative stresses near the top free edge (σ ̅ ), the triple junction (σ ̅ ), and the bottom free edge (σ ̅ ). The areas used to determine σ ̅ , σ ̅ , and σ ̅ are shown in Fig. 8a . While σ ̅ is almost constant, σ ̅ and σ ̅ vary with the rotation of Grain A, as shown in Fig. 8b . σ ̅ decreases and σ ̅ increases over the range 0 ≤ < 55 , while the opposite trends are observed for 55 ≤ ≤ 90 . The maximum concentrated stress occurs at the triple junction at = 0 . Figure 8b indicates the expected crack initiation site on the basis of the stress concentration. The site is dependent on the combination of grain orientations. It should be noted that in nano-components, the triple junction represents a greater risk for crack initiation over a wide range of grain rotations as compared to the free edge. Figure 9 plots the Young's modulus of grain A in the x-direction (tensile direction), EAx, versus the rotation angle, , in the Bi-IV model. EAx is dependent on the grain rotation angle, its minimum and maximum values are in the {100} and {111} directions, respectively. Since the stress at the triple junction is induced by the modulus mismatch between two grains, EBx/EAx, the concentrated stress σ ̅ in Fig. 8b varies inversely with EAx. At = 55 , no stress singularity is observed at the triple junction because EBx/EAx=1. By contrast, since = 0 combines the stiffest grain and softest grain, the modulus mismatch induces the highest stress concentration at the triple junction. Since this is the worst combination, = 0 gives the site with the highest cracking potential.
Conclusions
The crack initiation site at the Cu/Si interface is discussed on the basis of the stress distribution along the interface, focusing in particular on the free edge and the triple junction. The results obtained can be summarized as follows: 1. The triple junction represents a greater danger for crack initiation than the free edge in nano-components over a wide range of grain combinations. 2. The stress concentration near the triple junction is governed by the difference in stiffness between the grains. The combination of the stiffest and softest grains leads to the highest stress concentration.
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